We have measured the optical reflectivity R() of the quasi-one-dimensional conductor NbSe 3 from the far infrared up to the ultraviolet between 10 and 300 K using light polarized along and normal to the chain axis. We find a depletion of the optical conductivity with decreasing temperature for both polarizations in the midto far-infrared region. This leads to a redistribution of spectral weight from low to high energies due to partial gapping of the Fermi surface below the charge-density-wave transitions at 145 K and 59 K. We deduce the bulk magnitudes of the charge-density wave gaps and discuss the scattering of ungapped free charge carriers and the role of fluctuation effects. DOI: 10.1103/PhysRevB.69.195114 PACS number͑s͒: 78.20.Ϫe, 71.30.ϩh, 71.45.Lr Quasi-one-dimensional linear-chain metals exhibit important deviations from Fermi liquid behavior and unusual phenomena associated with charge-and spin-density-wave broken symmetry ground states.
Quasi-one-dimensional linear-chain metals exhibit important deviations from Fermi liquid behavior and unusual phenomena associated with charge-and spin-density-wave broken symmetry ground states.
1,2 A charge-density-wave ͑CDW͒ forms via a Peierls transition, in which an instability of the metallic Fermi surface ͑FS͒ due to nesting at qϭ2k F (k F being the Fermi wave vector͒ couples to the Kohn anomaly in the phonon spectrum.
3-5 As in conventional superconductivity the electron-phonon coupling is the dominant interaction, 1 and the transition leads to opening of a charge gap.
The transition-metal trichalcogenides M X 3 with M ϭNb, Ta, Ti, and XϭS, Se, Te are among the most interesting materials displaying low dimensional electronic properties. Their crystallographic structure is made up of infinite chains of trigonal prisms. 1 The most remarkable properties have been observed in NbSe 3 , which shows the phenomena of density wave transport cleanly than any other known system. 1 The resistivity remains metallic down to low temperatures, but two CDW phase transitions occur at T 1 ϭ145 K and T 2 ϭ59 K where the resistivity shows a sharp increase. 6 Tight-binding calculations 7 have shown that NbSe 3 has a primarily one-dimensional ͑1D͒ character with deviations due to the short intra-and interlayer Se-Se contacts. This transverse coupling produces a warped Fermi surface so that imperfect nesting and only partial gapping are expected.
The transition at T 1 is associated with a linear nesting, the wave vector of the CDW condensate pointing along the main chain axis, and the one at T 2 with a diagonal nesting.
5, 8 The literature values for the energy gaps, obtained by surfacesensitive techniques including point-contact, tunneling, and angle-resolved photoemission ͑ARPES͒ spectroscopies, [9] [10] [11] [12] [13] vary significantly: 2⌬ 1 ϳ110Ϫ220 meV for the T 1 CDW, and 2⌬ 2 ϳ40-90 meV for the T 2 CDW. In all cases the gap values yield a ratio 2⌬ i /k B T i much larger than the meanfield value of 3.52, and the mean-field transition temperature T MF is much larger than the measured T 1 and T 2 . These discrepancies from mean-field values indicate the importance of one-dimensional fluctuations.
In principle, optical spectroscopic methods are an ideal bulk-sensitive 14 tool in order to investigate the CDW phase transitions.
1 Previous optical spectroscopy measurements were performed at room temperature 15 or over an insufficient energy range 16, 17 which led to an erroneous evaluation of the CDW gaps. We provide here the first comprehensive study of the optical properties of NbSe 3 over a broad spectral range and as a function of temperature. The optical conductivity shows a redistribution of spectral weight from low to high frequencies with decreasing temperature, which we use to determine the bulk CDW ͑pseudo͒gaps. We also observe precursor effects of the CDW phase transitions and establish that the resistivity anomalies are primarily the consequence of a Fermi-surface gapping and not due to changes in the lifetime of the charge carriers.
High-purity samples were grown as previously described. 18 This study was made possible by preparing aligned mosaic specimens consisting of several wide, flat NbSe 3 ribbons with a resulting optical surface 3 mm long ϫ2 mm wide. The optical reflectivity R() was measured from the far infrared up to the ultraviolet between T ϭ300 K and 10 K. Polarizations along and transverse to the chain b axis were used to assess the anisotropic electrodynamic response. In our experiments, we paid great attention to the alignment of the specimens in our mosaic configuration. Different mosaics gave equivalent results. Moreover, and more importantly, we have mounted the specimen in such a way to have the chain axis always parallel with the polarization of light along the main cryostat axis. This way, we can prevent that undesired projections of the light polarization affect our data. The specimens were then coated with a 3000 Å gold layer and measured again, allowing correction for surface scattering from our mosaic samples without altering the overall shape and features of the spectra. Additional experimental details are described elsewhere.
2, 19 KramersKronig transformations were used to calculate the real part 1 () of the optical conductivity. Standard high-frequency extrapolations R()ϳ Ϫs ͑with 2ϽsϽ4) were employed 19 in order to extend the data set above 10 5 cm Ϫ1 and into the electronic continuum. Because of scatter in the data at low frequencies ͑below 50 cm Ϫ1 ), R() was extrapolated using the Hagen-Rubens ͑HR͒ law R()ϭ1Ϫ2ͱ(/ dc ) from data points in the 30-70 cm Ϫ1 range. This extrapolation yielded dc values in agreement with dc transport data. 6, 20 The temperature dependence of 1 () is not affected by the details of this low-frequency extrapolation. Figure 1 shows the optical reflectivity at two selected temperatures. It is metallic at all temperatures and for both polarization directions, but there is a remarkable anisotropy between the two crystallographic directions. Our R() values qualitatively agree with previous yet partial reflectivity data in the respective common spectral ranges; our R() spectra are considerably larger than R() reported in Ref. 16 , comparable to the spectra of Ref. 17 but somehow smaller than those in Ref. 15 . For light polarized along the b axis the R() plasma edge has a sharp onset around 1 eV (ϳ8000 cm Ϫ1 ), while along the transverse axis a much more gradual and broad onset begins at about 0.5 eV (ϳ4000 cm Ϫ1 ). R() along the transverse axis resembles the so-called overdamped behavior 19 typically seen in low dimensional systems 2 and may indicate incoherent charge transport along this direction. Previous R() data 15 at 300 K and over a smaller spectral range also showed anisotropic behavior. At low temperatures, R() for both polarizations is depleted in the far and mid-infrared spectral range, but both show a sharp upturn at low frequencies. This upturn leads to a crossing of the 200 K and 10 K spectra around 100 cm Ϫ1 ͑well within the measured spectral range in Fig. 1͒ so that R() increases with decreasing temperatures in the →0 limit. Our 10 K data for light polarized along the b axis bear some similarities with earlier results at 2 K of Challaner and Richard 16 which only covered the far infrared range ( Ͻ400 cm Ϫ1 ). Figure 2 shows the temperature dependence of 1 () below 4000 cm Ϫ1 . Above 4000 cm Ϫ1 several absorptions ͑not shown here͒ ascribed to electronic interband transitions 15 are observed. In the infrared spectral range, 1 () for both polarizations shows a rather strong mid-infrared band at 2000 cm Ϫ1 along the b axis and at 3000 cm Ϫ1 along the transverse axis. The low-frequency sides of these latter absorptions for both axes have broad shoulders located below about 1000 cm Ϫ1 . There is an obvious suppression of spectral weight in the infrared range with decreasing temperature, while the effective ͑Drude͒ metallic component in the far infrared shifts to lower frequency and narrows. The narrowing of 1 () at low frequencies and temperatures follows from the steep increase of R() around 100 cm Ϫ1 in Fig. 1 . At low temperatures the narrowing is so strong that the spectral weight of the effective ͑Drude͒ metallic component falls entirely below our data's low-frequency limit. This leads to an apparent disagreement in Fig. 2 between 1 (→0) and dc , which results from the HR extrapolation used for R() below 50 cm Ϫ1 . In order to better highlight the relevant energy scales and in particular to address the redistribution of spectral weight versus temperature in 1 () and its connections with the CDW transitions in NbSe 3 , we have applied the phenomenological Lorentz-Drude ͑LD͒ approach based on the classical dispersion theory. 19 For both polarization directions, the high-frequency response is fitted using Lorentz harmonic oscillators ͑ho͒ to describe the high-frequency electronic interband transitions. The low-frequency response can be fitted with two Drude terms and two mid-infrared ho's at about 561 and 2270 cm Ϫ1 for the b axis and at about 1100 and 2920 cm Ϫ1 for the transverse axis ͑inset of Fig. 2͒ . The two Ϫ1 as a function of temperature along ͑a͒ the chain b axis and ͑b͒ the transverse axis. The frequencies of the harmonic oscillators used to fit the two mid-infrared absorptions ͑see text͒ are indicated by thin dotted and dashed lines for the broad shoulder and the peak feature in 1 (), respectively. The insets show the data at 50 (b axis͒ and 100 K ͑transverse axis͒ with the total fit and its components.
Drude terms could represent two conduction bands 20 that are both affected by the CDW transitions. Sharp Lorentz ho's are used to fit the IR-active phonon modes which appear with decreasing temperature. 16 These modes contribute only a tiny fraction of the spectral weight in agreement with a previous infrared study of NbSe 3 ͑Ref. 16͒. These phonons acquire mode strength particularly below 100 K. Therefore, they might be likely phase phonons 21, 22 arising from the coupling between the lattice and the CDW condensate, as first suggested by Ref. 16 . With this minimum set of Lorentz and Drude terms, we obtain an outstanding fit to 1 () at all temperatures. 23 Figure 3 shows how the spectral weight is redistributed among the Drude and mid-infrared Lorentz terms as temperature decreases. Both Drude terms loose spectral weight ͑i.e., the corresponding plasma frequency decreases͒ with decreasing temperature. For both polarization directions, the broad Drude term ͑see inset of Fig. 2͒ tends to loose first spectral weight ͑i.e., at TϽ150 K) than the narrow one for which the suppression of weight occurs at TϽ70 K. This is explicitly shown in Fig. 4 . The resulting total Drude weight progressively decreases with decreasing temperature, with a more pronounced loss occurring below 100 K. The suppressed Drude weight is transferred to high energies and in particular to the mid-infrared absorptions, for both polarization directions. Along the b axis the harmonic oscillator at ϳ2270 cm Ϫ1 acquires most of the transferred weight, while along the transverse axis both absorptions gain weight. Part of the transverse axis weight is transferred to even higher energies and into the electronic continuum. Nevertheless, the total spectral weight ͓͐ 0 ϱ 1 ()d͔ for both polarization directions is fully recovered by 10 4 cm Ϫ1 (ϳ1 eV), satisfying the optical sum rule. In this regard NbSe 3 closely resembles the 2H-XSe 2 dichalcogenides, 24 and does not show the ''sum rule violation'' of the high-temperature superconductors since the nature of the correlations in the two ground states are different. 24, 25 The depletion of the Drude spectral weight in 1 () with decreasing temperature indicates a progressive gapping of the Fermi surface, which gets partially destroyed at the Peierls transitions. The inset of Fig. 3͑a͒ shows the fraction change of the total Drude weight for both directions as a function of temperature. Ong and Monceau 6 estimated from transport data that approximately 20% of FS is destroyed at T 1 , while 62% of the remaining 80% is destroyed by gaps at T 2 . The corresponding values of residual ungapped Fermi surface are marked by dashed lines in the inset to Fig. 3͑a͒ , and are in excellent agreement with the present results for the b axis. We attribute the harmonic oscillator at 2270 cm Ϫ1 ͑281 meV͒ to the T 1 CDW gap 26 associated with linear nesting along the chain b axis, and the oscillator at 561 cm Ϫ1 ͑70 meV͒ to the T 2 CDW gap associated with the diagonal nesting. 8, 12 In transverse axis data, the CDW gap due to linear nesting should not be observable in our spectra ͑i.e., the transition probability is zero͒, so we attribute the harmonic oscillator at 1100 cm Ϫ1 ͑136 meV͒ to the CDW gap associated with the diagonal nesting. This suggests anisotropic gapping for the diagonal nesting. 13 The optical gaps compare well with the broad interval of gap estimates from tunneling, point-contact, and ARPES spectroscopy. [9] [10] [11] [12] [13] Our estimated ͑direct͒ optical CDW gaps are larger than the indirect gaps obtained from tunneling. [9] [10] [11] Deviations from the k-resolved ARPES findings 8, 12 may arise in part because optical measurements average over the k space. Additional deviations may result because of differences between the bulk optical value and the near-surface value probed by these other techniques. Our gap value for the T 2 CDW transition and for light polarized along b is a factor of 3 to 4 larger than the estimate 16 of 120-190 cm Ϫ1 ͑15-24 meV͒ obtained in the first and only other optical study at low temperature of NbSe 3 . At the time of these earlier measurements the large ratio 2⌬/k B T characteristic of these materials was not recognized, and so data collection did not extend much beyond energies corresponding to the measured T 2 and the meanfield ratio. Our transverse axis 1 () data and LD analysis indicate the presence of another absorption at about 2920 cm Ϫ1 ͑362 meV͒. This energy is too large to be ascribed to a CDW gap, [9] [10] [11] [12] [13] 15, 16 and likely arises from the band structure. It may be a hybridizationlike gap induced by Brillouin-zone backfolding arising from the Fermi-surface nesting. 8 The chain and transverse axis absorptions at 561 and 1100 cm Ϫ1 , respectively ͑thin dotted lines in Fig. 2͒ , decreases with increasing temperature, though in a moderate fashion. In strict one-dimensional systems, like the wellknown blue-bronze K 0.3 MoO 3 , the metal-insulator CDW transition leads to a complete transfer of the Drude spectral weight into the CDW gap feature, leading to the formation of a peak at the gap energy. 22 The formation of the peak in the optical conductivity at the gap is also the consequence of the so-called coherence factors. 19 The imperfect nesting of NbSe 3 and its metallic character down to low temperatures lead to a less intensive peak for the CDW gaps in 1 (). Such a situation is even more pronounced in the more twodimensional dichalcogenides materials. 24 The mid-infrared absorptions persist to temperatures well above T 1 and T 2 , a quite common situation in CDW systems.
1 This provides evidence for the importance of 1D fluctuations 27 in the regime between the measured transition temperatures and the much larger T MF . Evidence for these fluctuations has previously been obtained in x-ray diffraction, 4 ARPES, 8, 12 and tunneling experiments. 10 In light of these strong fluctuation effects, the mean-field or BCSlike form of the temperature dependence of the CDW gap observed in x-ray diffraction 5 and point-contact spectroscopy experiments 13 remains puzzling. Nevertheless, the BCS scenario is far from being widely accepted in the literature. In this respect, there is a wealth of contradictory results in NbSe 3 , even from experiments employing the same technique.
Finally, we discuss the scattering rates (⌫) for the Drude terms ͑Fig. 4͒. The ⌫ value for the first ͑narrow͒ Drude term is partially determined by the HR extrapolation of R(). However, its temperature dependence is strikingly similar to that of ⌫ for the second ͑broad͒ Drude term, which covers an extended spectral range going well beyond the range of the HR extrapolation, suggesting that the extrapolation is not responsible for the observed behavior. As directly indicated by the narrowing of 1 () with decreasing temperature, the scattering rates show a pronounced drop below 50 K for both Drude terms and both polarization directions. As in the twodimensional 2H-XSe 2 dichalcogenide systems 24 this clearly indicates that some scattering channels freeze out when the long-range-ordered CDW condensate develops. On the other hand, short-range ordered CDW segments present for temperatures TϾT 2 can lead to additional scattering of the ungapped charge carriers. The weak temperature dependence of ⌫ above T 2 reinforces the notion 20 that the ͑CDW͒ resistivity anomalies are due to changes in the carrier concentration ͓inset of Fig. 3͑a͔͒ and not in the lifetime.
In conclusion, we have performed the first complete and bulk sensitive optical investigation of NbSe 3 . We identify the energy scales associated with the CDW gaps, determine the fractional gapping of the Fermi surface, observe CDW fluctuation effects above the experimental Peierls transitions, and establish the suppression of the free charge carriers scattering in the broken symmetry ground state.
